roton-coupled electron transfer (PCET) reactions play an essential role in a broad range of energy conversion processes, including photosynthesis and respiration. These reactions also form the basis of many types of solar fuel cells and electrochemical devices. Recent advances in the theory of PCET enable the prediction of the impact of system properties on the reaction rates. These predictions may guide the design of more efficient catalysts for energy production, including those based on artificial photosynthesis and solar energy conversion. This Account summarizes the theoretically predicted dependence of PCET rates on system properties and illustrates potential approaches for tuning the reaction rates in chemical systems.
Introduction
The coupled transfer of electrons and protons underlies a broad range of energy conversion processes. Proton-coupled electron transfer (PCET) reactions [1] [2] [3] [4] [5] [6] [7] play an essential role in photosynthesis and respiration, as well as in many types of solar fuel cells and electrochemical devices. Thus, understanding the fundamental theoretical principles of PCET reactions is critical for the design of solar fuel cells and devices based on artificial photosynthesis. Recent advances in the theory of PCET enable the prediction of the impact of system properties on the reaction rates. These predictions may guide experimental efforts in tuning systems to enhance energy conversion processes. This Account summarizes the theoretically predicted dependence of PCET rates on system properties and illustrates potential approaches for tuning the reaction rates in chemical systems. Here PCET reactions refer to the transfer of an electron and a proton in a single step without a stable intermediate. Such reactions are often denoted concerted, although the term concerted is not rigorously applicable because the electron and proton behave quantum mechanically and hence are delocalized. The PCET rate depends on the reorganization energy, the driving force, the electronic coupling, and the proton transfer interface properties, such as the equilibrium proton donor-acceptor distance and frequency. In addition to these properties that are directly related to the redox species, the PCET rate also depends on temperature, pH, overpotential in electrochemical processes, and solvent relaxation time in certain regimes.
Overview of PCET Theory
Typically PCET reactions are in the vibronically nonadiabatic regime because the couplings between the diabatic reactant and product vibronic states are significantly smaller than the thermal energy. In this regime, PCET reactions are described in terms of nonadiabatic transitions between the reactant and product electron-proton vibronic states. 2, 6 The reactant electronic state corresponds to the electron localized on its donor, and the product electronic state corresponds to the electron localized on its acceptor. When the proton vibrational states are calculated for the proton potential energy curves associated with the reactant and product electronic states, the reactant and product electron-proton vibronic states are products of the corresponding electronic and proton vibrational states.
In the limit of electronically nonadiabatic proton transfer, the coupling between a pair of vibronic states is the product of an electronic coupling and the overlap integral between the reactant and product proton vibrational wave functions. 7, 8 In general, the overlap integral depends strongly on the proton donor-acceptor distance. As a result, the inclusion of the proton donor-acceptor vibrational motion is important for PCET reactions. 9 The fundamental mechanism of a typical PCET reaction is illustrated in Figure 1 , which depicts slices of the ground state free energy surfaces along a collective solvent coordinate, in conjunction with the proton potential energy curves and the corresponding proton vibrational wave functions. As shown in this figure, the proton vibrational ground state wave function is localized near the donor for the reactant state and near the acceptor for the product state. Changes in the collective solvent coordinate (i.e., reorganization of the solvent environment) strongly impact the relative energies of the reactant and product proton potential energy curves. For a typical equilibrium PCET reaction, the system is initially at thermal equilibrium on the reactant surface, and fluctuations of the solvent environment bring the system to the crossing point between the two surfaces, where the reactant and product vibronic states are degenerate. The probability of a nonadiabatic transition from the reactant to the product surface is proportional to the square of the vibronic coupling, which in turn is proportional to the proton vibrational wave function overlap depicted in Figure 1 . Subsequent to such a nonadiabatic transition, the system relaxes to thermal equilibrium on the product surface. In general, the excited vibronic states may also play an important role in PCET reactions.
We have derived a series of nonadiabatic rate constant expressions for PCET reactions in various well-defined limits. 6, 9, 10 These expressions are based on Fermi's golden rule formalism, which is valid in the vibronically nonadiabatic limit, in conjunction with linear response theory. The simplest rate constant expression is for fixed proton donor-acceptor 
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distance R and thus is valid for stiff hydrogen bonding interfaces. The more complete rate constant expression includes the motion of the R-mode, which is represented by a quantum mechanical harmonic oscillator associated with the reduced mass M and frequency Ω. We derived simplified versions of this rate constant expression in the low-and highfrequency regimes for the R-mode. The low-frequency (hightemperature) R-mode rate constant expression is based on the assumption that pΩ , k B T, and the high-frequency (low-temperature) R-mode rate constant expression is based on the assumption that pΩ . k B T. The rate constant expression for fixed proton donor-acceptor distance R is 10 where the summations are over reactant and product vibronic states, P µ is the Boltzmann probability for the reactant state µ, and V el is the electronic coupling. In addition, S µν (0) is the proton vibrational wave function overlap, λ µν is the total reorganization energy, and ∆G µν 0 is the free energy of reaction for vibronic states µ and ν. Often the reorganization energy λ µν is assumed to be the same for all pairs of states, and ∆G µν 0 is assumed to be the sum of the driving force ∆G 0 ≡ ∆G 00 0 and the difference between the product and reactant proton vibrational states relative to their respective ground states. When the proton donor-acceptor motion is included, the overlap is approximated as , and the total reorganization energy includes two additional terms due to the dependence of the vibronic coupling on R and the reorganization energy corresponding to the R-mode. The rate constant expression in the high-frequency (low-temperature) R-mode regime is similar to eq 1 but includes an extra prefactor that depends on the frequency Ω but not on the temperature.
The form of the rate constant in eq 1 is valid for vibronically nonadiabatic reactions, where the solvent time scale is much faster than the time scale associated with nonadiabatic transitions between vibronic states. The specific form of the vibronic coupling in eq 1 is valid for electronically nonadiabatic proton transfer, where the proton tunneling time scale is significantly faster than the electronic transition time scale. 7, 8 In the opposite regime of electronically adiabatic proton transfer (e.g., traditional hydrogen atom transfer), 8 the vibronic coupling is no longer the product of the electronic coupling and the proton vibrational wave function overlap. The kinetic isotope effect (KIE), which is the ratio of the rate for hydrogen to the rate for deuterium, provides a useful mechanistic probe for PCET reactions. Based on the rate constant given in eq 1 and related expressions, the KIE is proportional to the ratio of the overlaps of the hydrogen and deuterium vibrational wave functions for a given pair of reactant/product vibronic states. Typically this ratio of overlaps increases as the overlaps decrease. Thus, this ratio is larger for greater proton donor-acceptor distances and is smaller for excited vibronic states than for the ground vibronic states because the excited state proton vibrational wave functions are more delocalized. The magnitude of the KIE has been observed experimentally to range from moderate (e.g., 2-3) to extremely large (e.g., >50). 4, 11 As will be discussed below, analysis of the magnitude and temperature dependence of the KIE provides insight into the underlying PCET mechanism.
We have also extended this theoretical formulation to electrochemical PCET.
12-14 Specifically, we have derived expressions for the heterogeneous rate constants and current densities for processes in which proton transfer occurs within a solvated hydrogen-bonded solute complex concurrently with electron transfer between the solute complex and the immersed electrode. The resulting expressions for the transition probabilities are similar to those derived for homogeneous PCET with the reaction free energy replaced by an expression that depends on the energy of the one-electron acceptor state in the electrode, the potential at the redox species in solution due to the electrical double layer formed by the supporting electrolyte ions, and the overpotential. The heterogeneous rate constant expressions are obtained by integration over the energy levels in the conduction band of the electrode, weighting the transition probability according to the Fermi distribution and the density of states of the electrode.
The anodic and cathodic current densities are obtained by integrating the product of the rate constant and the relevant solute complex concentration over the distance between the solute complex and the electrode surface.
Recently we have extended the theory of PCET beyond the golden rule formalism and derived rate constant expressions that include the effects of solvent dynamics in both homogeneous and electrochemical PCET. 15 These expressions interpolate between the golden rule and solvent-controlled limits, where the golden rule limit is defined in terms of weak vibronic coupling and fast solvent relaxation, and the solventcontrolled limit is defined in terms of strong vibronic coupling and slow solvent relaxation. 16, 17 In both cases, the overall
treatment is nonadiabatic in the sense that transitions between electronic states are involved. Consistent with our previous work, the rate constant is proportional to the square of the vibronic coupling and is independent of the solvent relaxation time in the golden rule limit. In contrast, the rate constant is independent of the vibronic coupling and increases as the solvent relaxation time decreases in the solvent-controlled limit.
The interconversion between these two limits can be induced by altering the proton transfer interface properties (i.e., the proton donor-acceptor mode frequency and the proton vibrational wave function overlap), the electronic coupling, the solvent relaxation time, and the overpotential in the case of electrochemical PCET. Moreover, the KIE behaves differently in the golden rule and solvent-controlled limits and thus provides a unique probe for distinguishing between these two different regimes. As discussed above, the KIE can be quite large in the golden rule limit because it is approximately proportional to the square of the ratio of the overlaps of the hydrogen and deuterium vibrational wave functions. The KIE is expected to be more moderate in the solvent-controlled limit because it arises mainly from differences in zero-point energy and vibronic energy level splitting.
Dependence of PCET Rates on System Properties
Analysis of the rate constant expressions described above provides insight into the underlying physical principles of PCET and enables the prediction of the dependence of the rates on physical properties of the system. In general, the PCET rate will increase as the electronic coupling increases and as the total reorganization energy decreases. In the solvent-controlled limit defined above, the PCET rate will increase as the solvent relaxation time decreases. The dependence of the PCET rate on the proton transfer interface properties, driving force, temperature, pH, and electrochemical potential is more complicated and will be discussed in the remainder of this section.
The rates of PCET reactions are strongly influenced by the properties of the proton transfer interface. The rate increases dramatically as the equilibrium proton donor-acceptor distance decreases due to the increase in the proton vibrational wave function overlap. Furthermore, typically the rate increases as the proton donor-acceptor mode frequency decreases because the lower frequency enables sampling of smaller distances corresponding to larger overlaps. This effect is evident in the prefactor exp[2k B TR µν 2 /MΩ 2 ] that arises in the low-frequency R-mode regime. Often the proton donor-acceptor mode frequency decreases as the equilibrium distance increases, so these two trends may work against each other when designing proton transfer interfaces aimed at enhancing the PCET rate.
The KIE is also strongly influenced by the proton transfer interface properties. As mentioned in the previous section, the KIE is approximately proportional to the square of the ratio of the hydrogen and deuterium vibrational wave-function overlaps. For a given pair of reactant/product vibronic states, the KIE increases as the equilibrium proton donor-acceptor distance increases when all other parameters remain the same. Moreover, in the low-frequency R-mode regime, the KIE increases as the proton donor-acceptor mode frequency increases due to the prefactor mentioned above. Again, these two trends may work against each other because the proton donor-acceptor mode frequency often decreases as the equilibrium distance increases.
In addition, the rates of PCET reactions depend strongly on the driving force. 18 On the basis of eq 1 with only the ground vibronic states included, the rate constant would exhibit a turnover as ∆G 0 becomes more negative, with a maximum at -∆G 0 ) λ, as depicted by the dashed line in Figure 2a . This turnover is similar to the inverted region turnover predicted by Marcus theory for electron transfer. 19 As indicated by the solid line in Figure 2a , however, the inclusion of excited vibronic states leads to qualitatively different behavior. In particular, the rate constant will increase as ∆G 0 becomes more negative because excited vibronic product states associated with low free energy barriers and relatively large vibronic couplings become accessible. The PCET rate constant will eventually decrease for highly exoergic reactions that are expected to be experimentally inaccessible. Note that ET reactions coupled to low-frequency vibrational modes can exhibit an inverted region turnover at experimentally accessible driving forces. This behavior is not predicted for PCET reactions mainly because of the high frequency of the proton vibrational motion, as well as the greater shift of the proton vibrational wave function. 38 Moreover, the excited vibronic states also impact the qualitative behavior of the driving force dependence of the KIE. The ln(KIE) exhibits a very weak quadratic dependence on driving force, with a maximum at ∆G 0 ≈ 0, when only the ground states are included. In contrast, the ln(KIE) decreases much more rapidly for both positive and negative driving forces when excited vibronic states are included because the contributions from excited vibronic states increase as the reaction becomes more asymmetric, and contributions from excited vibronic states decrease the KIE. These trends are illustrated in Figure 2b and are further clarified in Figure 2c , which illustrates that the (0/0) pair dominates at ∆G 0 ≈ 0, whereas other pairs dominate sequentially as the reaction becomes more endergonic or exergonic.
Similar to most chemical reactions, PCET rates increase with temperature. The temperature dependence of the rate is dictated mainly by the exponential term in eq 1, which typically overrides the temperature-dependent prefactor. Because of contributions from excited vibronic states, the increase of the rate with temperature may not behave as a single exponential. Moreover, in the low-frequency R-mode regime, the additional temperature-dependent exponential term also increases with temperature. The KIE, however, can exhibit more interesting temperature dependence. The temperature dependence of the KIE has been measured experimentally to probe the detailed mechanism of PCET reactions. 11, 20 Assuming that the driving force and reorganization energy are independent of isotope and only the ground states contribute to the overall rate, the rate constant expression in eq 1 for fixed R predicts that the KIE will be independent of temperature. Using the same assumptions in the low-frequency R-mode regime, the KIE is predicted to decrease with temperature as exp
, where R D > R H because the overlap decreases faster with R for deuterium than for hydrogen. This factor tends to dominate the temperature dependence of the KIE in the low-frequency R-mode regime even when excited vibronic states are involved. Since this temperature-dependent factor is not present in the high-frequency R-mode regime, however, the KIE could either increase or decrease with temperature in this regime when excited vibronic states contribute significantly to the overall rate.
A number of experimental studies have illustrated that the rate of PCET reactions depends strongly on pH. The basis for this pH dependence has been discussed extensively in the literature. [21] [22] [23] [24] [25] [26] When the proton acceptor is a buffer species in solution, the pH dependence is thought to arise from the protonation equilibrium of the buffer. 21, 22 The pH dependence of tyrosine oxidation for one specific ruthenium-polypyridyl-tyrosine system has been observed to be independent of the buffer, however, and has been interpreted in terms of proton transfer to bulk water. 21, 23 The physical basis for the pH dependence observed in this system is not fully resolved. [24] [25] [26] In general, the pH dependence of PCET reactions could arise from the kinetic complexity of competing concerted and sequential PCET reaction pathways, 25, 26 as well as pathways involving different proton acceptors, including various buffer species and hydroxide. Moreover, the pH dependence could be caused by the impact of pH on the physical properties of the proton transfer interface, such as hydrogen bond strength, proton donor-acceptor distance, and frequencies. Experimental verification of these hypotheses is challenging.
In electrochemical PCET, the heterogeneous rate constants and current densities depend strongly on the electrode potential. Similar to homogeneous PCET, the current densities also depend on the proton transfer interface properties, reorganization energy, temperature, and pH. In addition, the effective activation energies associated with the current densities of 
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electrochemical PCET reactions contain temperature-dependent terms arising from the change in the equilibrium proton donor-acceptor distance upon electron transfer. This term has a different sign for the cathodic and anodic processes, leading to asymmetries of the Tafel plots, which depict the dependence of current density on overpotential, even for small changes in the equilibrium proton donor-acceptor distance. 12 Figure 3 depicts the Tafel plot for a model electrochemical PCET system with a change in the equilibrium proton donor-acceptor distance of δR ) 0.05 Å upon oxidation. In addition to causing asymmetry in the Tafel plot, the change in the equilibrium proton donor-acceptor distance upon electron transfer also causes the transfer coefficient to deviate from the standard value of one-half at zero overpotential.
Tuning Chemical PCET Systems
PCET in the tyrosine-bound rhenium-polypyridyl complex shown in Figure 4 has been studied experimentally by photoexcitation to the metal-to-ligand charge transfer excited state. 21, 27 The rate constant was found to increase with pH in the presence of phosphate buffer and to be independent of pH in the absence of phosphate buffer in the range 4 < pH < 8. Moreover, the rate constant was found to be independent of phosphate buffer concentration at low pH, where the dominant buffer species is H 2 PO 4 -. These experimental data suggest that the reaction occurs by a PCET mechanism in which the electron transfers from the tyrosine to the rhenium while the proton transfers from the tyrosine to the phosphate buffer species HPO 4 2-but not to H 2 PO 4 -.
We modeled the pH dependence of the overall rate for this rhenium system in terms of a titration between the HPO 4 2-and H 2 PO 4 -forms of the phosphate buffer. 28 In this case, the overall rate constant is the sum of the unimolecular electron transfer rate constant and the bimolecular PCET rate constant weighted by the concentration of HPO 4 2-. 21 Analysis of the PCET calculations provided insight into the interplay among the reorganization energy, reaction free energy, and vibronic coupling for this system. The excited product vibronic states were found to contribute significantly to the overall rate. For these types of systems, in which the proton acceptor is a buffer species, the overall rate constant can be tuned by changing the pH or using different buffer species. Activation of the C-H bond in linoleic acid by the enzyme soybean lipoxygenase has been studied experimentally. 11 As depicted in Figure 5 , this reaction is thought to occur by a PCET mechanism, in which the electron transfers from the π-system of the substrate to the iron of the cofactor, while the proton transfers from a substrate carbon atom to the hydroxyl ligand of the cofactor. The KIE was observed to be 81 at room temperature and to decrease weakly with temperature. 11 Our calculations indicated that the unusually large magnitude of the KIE arises from the relatively small proton vibrational wave function overlap and the dominance of the ground vibronic states in the tunneling process. 29, 30 Since the proton is transferred between a carbon and an oxygen atom, the hydrogen bond is relatively weak, and the system is in the low-fre- 
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quency proton donor-acceptor mode regime. As discussed above, in this regime the temperature dependence of the KIE is dominated by a factor that decays exponentially with temperature, consistent with the experimentally observed trend.
Mutation of Ile553, which is bordering the linoleic acid substrate but is ∼15 Å from the iron atom, was observed experimentally to impact the KIE for soybean lipoxygenase. 11, 31, 32 According to the experimental data, as residue 553 becomes less bulky, the magnitude and temperature dependence of the KIE increases. Modeling of these kinetic data indicates that, as residue 553 becomes less bulky, the proton donor-acceptor equilibrium distance increases and the frequency decreases. 31, 32 For these types of biological systems, the PCET rate can be tuned by altering the properties of the proton transfer interface through site-specific mutagenesis. Quinol oxidation in the biomimetic model system depicted in Figure 6 has been studied experimentally in acetonitrile by photoexcitation to a metal-to-ligand charge transfer state, which induces electron transfer from the quinol to the ruthenium concurrent with proton transfer from the quinol to the ligand nitrogen. 20 The average KIEs at 296 K were measured to be 1.87 and 3.45 for ubiquinol (UQH 2 ) and plastoquinol (PQH 2 ) analogues, respectively, and the KIE was found to increase with temperature for UQH 2 but decrease with temperature for PQH 2 . The increase in KIE with increasing temperature (i.e., the greater apparent activation free energy for hydrogen than for deuterium) is unusual in the context of most semiclassical models based on transition state theory. Similar behavior was observed for quinol oxidation reactions in the cytochrome bc1 complex and in ethanol. 20, 33 Our calculations provide a plausible explanation for the differences in magnitudes and temperature dependences of the KIEs for the two quinol systems and, in particular, an explanation for the unusual inverse temperature dependence of the KIE for UQH 2 . 34 The hydrogen bonds for these quinol systems were found to be stiff, and the systems were determined to be in the high-frequency proton donor-acceptor regime. In this regime, the rate constant may be approximated by the fixed proton donor-acceptor distance expression given in eq 1, and the temperature dependence of the KIE is not dominated by the temperature-dependent pre-exponential factor that was dominant for the lipoxygenase system. The physical explanation of the inverse temperature dependence of the KIE for the UQH 2 system is illustrated in Figure  7 . The inverse temperature dependence of the KIE may be observed if the (0/0) pair of reactant/product vibronic states is in the inverted Marcus region, while the (0/1) pair of reactant/ product vibronic states is in the normal Marcus region and is the dominant contributor to the overall rate. The inverted Marcus region for the (0/0) pair of vibronic states is defined as -∆G 0 > λ, which is typically accessible for relatively small reorganization energies. Figure 7 indicates that the free energy barriers for the UQH 2 system are similar for the (0/0) and (0/1) pairs of vibronic states. The (0/1) pair of vibronic states is the dominant contributor for this system because of the greater vibronic coupling (i.e., proton vibrational wave function overlap). In this case, the temperature dependence of the KIE is determined mainly by the factor exp[-(∆G 01
, which will increase as the temperature increases when
As illustrated in Figure 7 , the free energy barrier for the dominant transition is lower for deuterium than for hydrogen because of the smaller splittings between the vibronic energy levels for deuterium. As a result, the KIE increases with increasing temperature for the UQH 2 system. The qualitatively different behavior for the two quinol systems is due to the rather subtle differences in the driving forces and the proton potential energy curves, which impact the free energy barriers and vibronic couplings for each pair of reactant/product vibronic states and thereby determine the relative contributions from each pair. In the PQH 2 system, other pairs of reactant/product vibronic states contribute significantly to the overall rate, leading to more complex temperature dependence of the KIE and an overall decrease in the KIE with increasing temperature. Note that the UQH 2 and PQH 2 analogues differ only with respect to the OCH 3 and CH 3 substituents on the quinol. For these types of quinol systems, the PCET rate can be tuned by altering the driving force and the proton potential energy curves with varying substituents.
The PCET reaction in a system comprised of an osmium aquo complex attached to a mixed self-assembled monolayer on a gold electrode, as depicted in Figure 8 , has been studied experimentally. 35 Cyclic voltammetry was used to examine the kinetics of the PCET reaction in both H 2 O and D 2 O for different chain lengths at various pH values. The rate constant was observed to be highly sensitive to the chain length, and the KIE was ∼2 over a wide range of pH values. The experimental data were also used to generate plots of the transfer coefficient R PCET and the logarithm of the rate as a function of the overpotential η. The transfer coefficient was observed to be ∼0.46 at η ) 0, and the Tafel plot was observed to be asymmetric. Our theoretical formulation of electrochemical PCET provides an explanation for these observations. 12 As discussed above, the asymmetry of the Tafel plot is predicted by the theory due to the additional term in the effective activation energy with a different sign for the cathodic and anodic processes. This term is proportional to δR, which is the difference between the equilibrium proton donor-acceptor distance for the oxidized and reduced osmium complex. In addition, the theory predicts that the transfer coefficient at η ) 0 can be estimated as 0.5 -R 00 δR k B T/Λ 00 , where Λ 00 is the total reorganization energy defined in ref 12 . Calculations on models for the osmium system with a carboxylate group acting as the proton acceptor 36 indicate that δR ≈ 0.17 Å, and physically reasonable values of the other parameters suggest that the calculated transfer coefficient will be in a range that is consistent with the experimental measurement. For electrochemical PCET systems, chemical modifications that alter the relative proton donor-acceptor distance in the oxidized and reduced molecular species will impact the Tafel plot and the transfer coefficient.
Concluding Remarks
The PCET theory described in this Account provides predictions of the behavior of reaction rates with respect to system properties, including reorganization energy, driving force, proton transfer interface distances and frequencies, temperature, pH, solvent relaxation time, and overpotential. While some of these predictions have been shown to be consistent with experimental data, other predictions still await experimental validation. Recently we have extended this theory to describe photoinduced homogeneous PCET reactions and ultrafast interfacial PCET processes, which have been studied experimentally for a system comprised of methanol adsorbed on a titanium dioxide surface. 37 These theoretical developments, in conjunction with continual feedback between experiment and theory, will assist in guiding the design of more efficient catalysts for energy conversion processes. FOOTNOTES * E-mail: shs@chem.psu.edu.
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FIGURE 8.
Electrochemical PCET reaction for a system comprised of an osmium-bipyridyl-aquo complex attached to a mixed selfassembled monolayer on a gold electrode. The proton acceptor has been proposed to be a carboxylate group of the monolayer. 36 
